Purpose The present study aims to conduct a systematic review of literature reporting on the dose and dosing schedule of dexamethasone (DXM) in relation to clinical outcomes in malignant brain tumor patients, with particular attention to evidence-based practice. Methods A systematic search was performed in PubMed, Embase, Web of Science, Cochrane, Academic Search Premier, and PsycINFO to identify studies that reported edema volume reduction, symptomatic relief, adverse events and survival in relation to dexamethasone dose in glioma or brain metastasis (BM) patients. Results After screening 1812 studies, fifteen articles were included for qualitative review. Most studies reported a dose of 16 mg, mostly in a schedule of 4 mg four times a day. Due to heterogeneity of studies, it was not possible to perform quantitative meta-analysis. For BMs, best available evidence suggests that higher doses of DXM may give more adverse events, but may not necessarily result in better clinical condition. Some studies suggest that higher DXM doses are associated with shorter survival in the palliative setting. For glioma, DXM may lead to symptomatic improvement, yet no studies directly compare different doses. Results regarding edema reduction and survival in glioma patients are conflicting. Conclusions Evidence on the safety and efficacy of different DXM doses in malignant brain tumor patients is scarce and conflicting. Best available evidence suggests that low DXM doses may be noninferior to higher doses in certain circumstances, but more comparative research in this area is direly needed, especially in light of the increasing importance of immunotherapy for brain tumors.
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Background Dexamethasone (DXM) has been a staple of neurosurgical treatment for over half a century [1] . In the context of malignant brain tumors, it is used to control peritumoral edema and alleviate symptoms due to high intracranial pressure (ICP) or focal neurologic symptoms [2] . While symptomatic improvement is usually seen within 24 to 72 h [3, 4] , the use of DXM is associated with a variety of adverse events including muscular weakness, hyperglycemia, cushingoid symptoms, mental disorders, and gastrointestinal ulceration [3] .
Despite the ubiquitous use of DXM for malignant brain tumors, evidence regarding the optimal dosing schedule is scarce. Doses are largely up to the discretion of treating physicians, leading to considerable practice variation [3, 5] . As a result of the ongoing advances in immunotherapy for brain tumors, the potential risks versus benefits of immunosuppressants will likely face increased scrutiny. Therefore, it is vital to address the lack of standardization of DXM dosing in the immediate future. To elucidate this question, the present study aims to conduct a systematic review of literature reporting on dose and dosing schedule of DXM in relation to clinical outcomes in glioma and brain metastasis (BM) patients and critically assess the quality of evidence in relation to this question.
Methods

Study design and search strategy
A systematic search was performed in PubMed, Embase, Web of Science, Cochrane, Academic Search Premier, and PsycINFO on January 18, 2019. In addition, references of included studies were checked to identify additional relevant publications. Screening and data extraction were conducted by two independent reviewers (CJ and LC). In case of disagreement over inclusion, a third reviewer (AH) was consulted. The complete search strategy can be found in Supplementary Material (S1 and S2).
Inclusion criteria
Randomized controlled trials (RCTs), prospective or retrospective cohorts or case-control studies, and case series with > 5 patients were included. Publications reporting on the dose or dosing schedule of DXM in milligram per day (mg/day) in relation to clinical outcomes (symptomatic relief, adverse events, edema volume reduction, and survival) in patients with gliomas or BMs were included. Exclusion criteria were (1) non-human studies (2) other brain tumors including pituitary tumors and central nervous system lymphoma (3) only leptomeningeal metastases (4) combined regimens of DXM with immunotherapy or antiemetics (5) lack of relevant outcomes (6) imprecise description of dosing schedule (e.g., doses were not standardized and only the median or range of dosing was reported) (7) no full text available, and (8) non-English publications.
Data extraction and analysis
The following information was extracted: study characteristics including study design and sample size, patient characteristics including sex, age, baseline Karnofsky Performance Status (KPS), tumor characteristics including grade of glioma and primary tumor site for the metastases, and treatment characteristics including setting of DXM, DXM dosing and tapering schedules, and clinical outcomes. Outcomes were divided into four groups: (1) symptomatic relief (2) adverse events (3) edema volume reduction, and (4) survival. Extracted data were assessed for quantitative meta-analysis. A quality assessment of all included studies was performed based on the Cochrane Collaboration's tool [6] for assessing risk of bias for the RCTs and the Newcastle-Ottawa Scale (NOS) [7] for the nonrandomized studies. The level of evidence was assigned using the Oxford Centre for Evidence-Based Medicine by two independent reviewers (CJ and AH) [8] .
Results
Study selection and study characteristics
Of 1812 publications identified by systematic search, thirteen met the inclusion criteria [2, 4, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Two additional studies were identified by reference check [20, 21] for a total of fifteen articles (see Fig. S1 ).
Six studies reported on > 5 glioma [2, 4, [16] [17] [18] [19] and twelve on > 5 BM patients [4, [9] [10] [11] [12] [13] [14] [15] [16] [19] [20] [21] (Table 2) . None of the studies reported on leptomeningeal metastases. Two studies were RCTs [12, 14] , one was a phase II pilot trial [21] , and the rest were observational studies [2, 4, 9-11, 13, 15-20] . Four studies reported two or more DXM doses [9, 10, 12, 20] , four reported dichotomized ranges [11, 14, 15, 19] , and seven reported a single dose [2, 4, 13, [16] [17] [18] 21] (Table 1) . Doses varied between 4 and 96 mg/day. The duration of DXM administration varied between one and 42 days. Three studies reported DXM monotherapy [9, 10, 20] , two studies reported perioperative schedules [4, 18] , five described peri-radiotherapy treatment [11] [12] [13] [14] 21] , and five included a combination of multiple treatment settings [2, [15] [16] [17] 19] . Ten studies, including the RCTs, were conducted in the 1970s [9, 10, 20] , 1980s [15] [16] [17] and 1990s [12] [13] [14] 21] (Table 2) . Table 1 summarizes study and patient characteristics as well as critical assessment of evidence levels. Due to the low number of included studies and the heterogeneity of 
Glioma
Six studies reported on the relationship between dosing of DXM and clinical outcomes in > 5 glioma patients [2, 4, [16] [17] [18] [19] . Table 3 summarizes the results of these studies.
Symptomatic relief
One study compared glioma patients receiving chemoradiation + DXM 4 mg/day for six weeks (n = 210) to patients only receiving chemoradiation (n = 249) [2] . Patients not receiving DXM suffered significantly more neurological symptoms due to cerebral edema than patients receiving DXM, including spatiotemporal disorientation, loss of coordination or balance, altered level of consciousness, loss of visual acuity, numbness or weakness, seizures, aphasia or dysarthria and headaches. No difference between groups was observed for nausea, dizziness, incontinence or memory impairment [2] .
Adverse events
No study reported the relationship between DXM dosing and the frequency of adverse events in glioma patients.
Edema
Three studies reported the effect of DXM doses on peritumoral edema [4, 16, 17] . These studies were observational studies and did not specify a cut-off point for significant volumetric edema reduction. Two studies from the 1980s [16, 17] reported on volume reduction on computed tomography (CT) imaging, while only one study reported on magnetic resonance imaging (MRI)-assessed reduction [4] . In the first CT study, glioma patients receiving DXM 4 mg four times a day (quater in die, q.i.d.) prior to surgery showed a mean edema volume reduction of 13.5 ml after eight to nineteen days of treatment (26% of the pretreatment edema volume measured on CT scan with contrast) [17] . In contrast, the other two studies in patients receiving DXM 4 mg q.i.d [16] and 16 mg two times a day (bis in die, b.i.d.) [4] showed no significant edema volume reduction after respectively 20 days and 48 h of DXM treatment.
Survival
Two studies reported survival in glioma patients [18, 19] . In eighteen glioblastoma patients admitted to a rehabilitation ward, a shorter survival was predicted by a high DXM dose of > 8 versus < 8 mg/day upon admission (HR 5.60, 95% CI 1.22-25.69) [19] . In the second study [18] , glioblastoma patients receiving 12 mg DXM preoperatively (n = 35) and patients without preoperative DXM were compared. All patients received 40 mg perioperative DXM bolus followed by 24 mg DXM during the first postoperative day. No significant difference in overall survival or progression free survival was observed between the two groups [18] .
Brain metastases
Twelve studies [4, [9] [10] [11] [12] [13] [14] [15] [16] [19] [20] [21] including two RCTs [12, 14] reported on the relationship between dosing of DXM and outcomes in > 5 BM patients. Results are summarized in Table 4 .
Symptomatic relief
Four small case series (5-20 patients) reported symptomatic relief, namely neurologic improvement [9, 10, 13, 20] . DXM doses ranged from 6 to 16 mg/day; the sample size of these studies limited statistical conclusions (Table 4) . One pilot prospective trial by Wolfson et al. reported twelve patients receiving 24 mg DXM intravenously every 6 h for 48 h prior to radiotherapy [21] . Three patients had complete relief of neurologic and functional symptoms, one had a partial relief, and eight experienced no relief. During radiotherapy patients were randomized in 4 mg/6 h versus no DXM. No relief of clinical or neurologic symptoms were experienced in 6/7 and 4/5 patients of the DXM and control groups, respectively.
One RCT by Vecht et al. reported the dose-effect relationship between DXM initiated seven days prior to radiotherapy and KPS in two series [12] . In the first series (n = 42), no significant difference of improvement in KPS was observed in patients receiving DXM 8 versus 16 mg/day after one week (60% vs. 54% of the patients showed improvement, respectively; non-significant (NS)). At day 28, 53% of the patients receiving 8 mg/day and 81% of the patients receiving 16 mg/day showed improvement in KPS (NS). In the second series (n = 47), no significant difference in KPS was seen in patients receiving DXM 4 mg/day in comparison with 16 mg/day at day seven and at day 28 [12] .
Adverse events
Four studies reported adverse events in BM patients [11] [12] [13] 15] . In the RCT by Vecht et al., the incidence of cushingoid facies and ankle edema increased with the duration of treatment and with higher doses after one and four weeks (p < 0.05), while other adverse events were not significantly affected [12] . A retrospective cohort study reported on 97 patients receiving DXM ≥ 12 versus ≤ 8 mg/day started at the time of diagnosis of BMs [15] . All patients received radiation and five patients underwent surgery as initial treatment. Of the patients receiving ≥ 12 mg, 5.6% developed peptic ulcer disease, 6.7% hyperglycemia and 4.5% steroid myopathy in comparison with none of these adverse events in patients receiving ≤ 8 mg. In another series of twenty patients receiving 8 mg b.i.d. for four days, then 4 mg b.i.d. for four days and then 2 mg b.i.d. until the final day of radiotherapy, five patients developed adverse events including hyperglycemia, candida esophagitis, peripheral edema, pseudo-rheumatism, and steroid withdrawal syndrome (all n = 1) [13] . The last study prospectively reported on 68 patients undergoing palliative whole-brain radiotherapy (WBRT) [11] . Patients receiving ≥ 16 mg/day DXM reported more difficulty getting to sleep (p = 0.009) but less nausea (p-value not reported) when compared to patients receiving < 16 mg/day or no DXM two weeks after WBRT. No association was found between duration ( < 1 vs. ≥ 1 week) of DXM treatment and adverse events. 8 mg/day for ten days (n = 2): both patients showed neurological improvement after 10 days 12 mg/day for 2-3 weeks (n = 2): one patient showed neurological improvement after 14 days and one patient showed neurological improvement after 8 days and 17 days 16 mg/day for 7-42 days (n = 3): one patient showed neurological improvement after 6 weeks, one patient showed improvement after 12 days, and one patient showed improvement after 4 days, but then deteriorated after 9 and 14 days 
Edema
Two studies reported the effect of DXM doses on edema in BM patients [4, 16] . In eight patients receiving DXM 4 mg q.i.d. for seven days and then a maintenance dose of 4 mg/ day prior to operation or radiotherapy, a reduction of 56% was seen in edema volume after 20 days of DXM treatment [16] . In contrast, in seven patients receiving DXM 16 mg b.i.d. for two days perioperatively, no significant reduction of the edema volume was seen (p = 0.7) [4] .
Survival
Three studies reported survival in BM patients [14, 19] . 
Discussion
This systematic review aimed to assess the available evidence supporting dosing schedules of DXM for glioma and BM patients. With the exception of one RCT in BM patients [12] , we found there is very little evidence to support any claim regarding the optimal dosing of DXM in malignant brain tumors. The majority of included studies, including this RCT, were conducted in the 1970s [9, 10, 20] , 1980s [15] [16] [17] and 1990s [12] [13] [14] 21] , predating crucial advances in diagnostic and therapeutic modalities for brain tumors. Most studies reported a dose of 16 mg, mostly in a schedule of 4 mg q.i.d. [10, 12, 16, 17, 20] . This is congruent with a study by Sturdza et al. who reported that 45% of 34 surveyed physicians routinely prescribe DXM 4 mg q.i.d. in BM patients. The other respondents determined the dose according to the presence or absence of neurological symptoms [5] .
For BMs, best available evidence suggests that higher doses of DXM may give more adverse events [11, 12, 15] but may not necessarily result in a better clinical condition (Oxford level 1b) [12] . Some studies suggest that higher doses of DXM are associated with shorter survival in a palliative setting [14, 19] , but randomized studies that account for confounders, which would be necessary for causal inference, are lacking. For gliomas, less evidence is available still. While DXM may lead to symptomatic improvement [2] , no studies directly compare different doses. Results regarding DXM's effect on edema reduction [4, 16, 17] and survival [18, 19] are conflicting.
Several practice guidelines discuss dosing schedule of DXM in specific indications [22] [23] [24] [25] [26] ; these are presented in Table 5 . While these guidelines are partly based on each other, they report relatively wide ranges of starting doses (4-24 mg/day) and differ in recommendations for tapering schedules (3 days-2 weeks) .
Dexamethasone dosing for other indications has been studied to varying degrees. A systematic review from 2016 [27] remarked a lack of high-quality evidence for the use of steroids in patients with metastatic spinal cord compression. The authors conclude that lower doses may be associated with similar clinical benefit and fewer adverse events when compared to higher doses. Another meta-analysis assessing impact of perioperative DXM on postoperative pain concluded that there was at best a small and clinically minimally significant dose-response relationship between DXM and pain scores [28] . A propensity score analysis of 26,634 neurosurgical patients in a national registry found preoperative steroid use to be associated with postoperative infections (odds ratio 1.38; 95% CI 1.11-1.70), even after controlling for the presence of central nervous system tumors or chemotherapy treatment [29] . In contrast, a recent Cochrane systematic review of RCTs among all surgical specialties concluded that a single dose of perioperative DXM probably does not increase the risk of surgical site infections, while there was too little evidence to draw conclusions regarding delayed wound healing [30] . Neither the national registry study nor the Cochrane review reported dose-response relations.
Strengths of this review were its strict quality assessment and evidence-based focus. Moreover, only studies providing a specific dose of DXM in correlation with the studied outcome were included. This review was extensive as it included both gliomas and BMs. The major limitation of this review lies in the heterogeneity of underlying studies. Because the included articles varied in treatment setting, outcome parameters and dose standardization, quantitative meta-analysis was not possible. Several underlying studies are relatively old or report small sample sizes. Lastly, most included studies are retrospective, and some have poor quality assessment scores. It is therefore hard to determine whether the observed outcomes in these studies were truly the consequence of different DXM doses. These limitations to the original studies support our conclusions about the lack of evidence for this widely-used treatment.
Given the widespread use of DXM in the management of malignant brain tumors, this lack of evidence regarding optimal dosing schedules is surprising. Previous practice guidelines [23, 25, 26] share the limitation that they are [31] demonstrated that DXM administration was an independent indicator of shorter survival in mice and humans, although doses were not specified. The authors suggest that DXM-induced antiproliferative effects may confer protection from radiotherapy and chemotherapy-induced genotoxic stress. This could explain worse survival with higher DXM doses as seen in two included studies. Individual variation in response to DXM might be explained by polymorphisms of the glucocorticoid receptor gene [32, 33] . Moreover, anticonvulsants administered to brain tumor patients (e.g. valproate, carbamazepine, phenytoin, barbiturates) could induce or inhibit cytochrome P450 liver enzymes, influencing the clearance of DXM [26] . Lastly, individual variation in plasma free fraction could cause variation in (severity of) adverse events [32] .
The biologic half-life of DXM is 34-54 h, suggesting doses may not have to be dosed four times a day [34] . In one included study, a twice-daily schedule provided good clinical improvement with minimal morbidity [13] . Moreover, the cumulative dose and duration of DXM largely determines corticosteroid toxicity [32] . Given the lack of clinical evidence for q.i.d. schemes and the aforementioned biological considerations, physicians should consider a twice daily scheme as a more patient-friendly and potentially safer alternative.
The effects of steroids and immunotherapies might counteract each other [35] [36] [37] [38] . Recent evidence has indicated that BM patients treated with immunotherapies may have diminished survival if they are concurrently receiving corticosteroids [39, 40] . Moreover, recent evidence suggests steroids may have inherent metastasis-inducing properties [41] . Therefore, it is vital to assess the role of DXM with renewed scrutiny in anticipation of this ongoing paradigm shift in cancer treatment.
While it could be argued that the benefits of DXM in brain tumor patients are so obvious that evidence-based medicine is not the most appropriate approach for this question, Sarin et al. [22] have argued that the use of steroids in traumatic brain injury had an equally formidable reputation. However, in an RCT of > 10,000 patients, steroids were found to have no benefit in this indication [42, 43] . Thus, there is a need for future investigation into dose-response relationships between DXM and several outcomes in both glioma and BM patients in different clinical settings. Studies should aim to prospectively compare different doses, dosing frequencies, and tapering schedules to determine which regimen yields the best balance between desired clinical effects and frequency of adverse events in specific patient subsets. With the current evidence in mind, the question whether lower doses are noninferior to 16 mg/ day in different scenarios is particularly worthy of exploration. Moreover, the interactions between DXM and immunotherapies should be studied in neurooncological patients.
Conclusion
Relatively little evidence is available regarding the optimal dosing scheme of DXM. In BMs, lower doses might be associated with similar efficacy and less adverse events than higher doses, but published data is heterogeneous. In gliomas, the lack of appropriate studies prevents drawing any conclusions based on more than expert opinion. The efficacy of different DXM doses is inadequately studied in the current literature; further investigation is needed to make evidence-based assessments and recommendations.
